Wharton's jelly-derived mesenchymal stem cells (WJ-MSCs) have been introduced as a possible therapy in hypoxic-ischemic encephalopathy (HIE). We report a 16-year-old boy who was treated with WJ-MSCs in the course of HIE due to postcardiopulmonary resuscitation. He received a long period of mechanical ventilation and tracheostomy with spastic quadriparesis. He underwent the intrathecal (1Â10 6 /kg in 3 mL), intramuscular (1Â10 6 /kg in 20 mL) and intravenous (1Â10 6 /kg in 30 mL) administrations of WJ-MSCs for each application route (twice a month for 2 months). After stem cell infusions, progressive improvements were shown in his neurological examination, neuroradiological, and neurophysiological findings. To our best knowledge, this is a pioneer project to clinically study the neural repair effect of WJ-MSCs in a patient with HIE.
Introduction
Hypoxic-ischemic brain injury (HIBI) results in various degrees of damage to the brain, and the immature brain is particularly fragile to oxygen deprivation which can be caused by extreme prematurity or perinatal asphyxia. For adolescents or adults, similar pathological changes are often caused by cardiac arrest/resuscitation or hypertension, termed ischemic stroke. These processes resulted in hypoxic-ischemic encephalopathy (HIE) 1, 2 . To date, hypothermia is the only therapeutic intervention used clinically for infants with HIBI born at term or late preterm. Although it lowers infant mortality and morbidity, therapeutic hypothermia does not guarantee complete protection 3 . So far, treatment of HIBI consists largely of supportive care, which does little to prevent the ongoing injury that occurs in the hours immediately following the causative insult 4, 5 . In addition, preclinical studies suggested that combined treatment with hypothermia and human umbilical cord blood-derived mesenchymal stem cells (UCB-MSCs) transplantation might be a novel therapeutic modality to improve the prognosis of severe HIE 6, 7 . Thus, it is crucial to identify new therapeutic targets (e.g., stem cell therapy (SCT), etc.) for the performance of clinical trials to address the treatment of HIBI 4, 8, 9 . Accumulating evidence has shown that SCT (embryonic stem cells (ESCs), mesenchymal stem cells (MSCs), etc.) is a potential method in improving brain functions. Growing data have indicated that MSCs promote neurological functional recovery in HIBI 8, 9 . MSCs are multipotent precursor cells with self-renewal ability and have characteristics that vary depending on their origin in many adult and fetal tissues. Ideally, for stem cells to be effective in regenerative medical applications, stem cells should be abundant and obtainable through a minimally invasive procedure to ensure donor safety 10 . Although bone marrow (BM) represents the major source of MSCs, the use of BM-derived MSCs is not always acceptable because of the small cell numbers, the decreasing proliferative capacity with age, and the high incidence of viral infection 11, 12 . Perinatal tissues, for example umbilical cord blood (UCB), Wharton's jelly (WJ), etc., are considered to be attractive sources of MSCs because they can be obtained by less invasive methods without harm to mothers or neonates. Among them, the results from isolations of UCB-MSCs have been inconsistent because of the low frequency and viability in UCB after the donor's birth. Furthermore, a large UCB volume and a rapid isolation procedure after collection are needed to increase the success rate 10 . Unlike UCB cells, Wharton's jelly mesenchymal stem cells (WJ-MSCs) have distinct advantages of being abundant, easy to obtain with minimal invasiveness, and readily cultured to a sufficient number for transplantation without ethical issues of allografting 13 . To establish the optimal route for MSC transplantation is a critical issue that needs to be addressed for successful treatment in HIBI. MSCs have been transplanted via different routes (e.g., intravenous (i.v.), etc.). However, although systemically transplanted MSCs can cross the blood-brain barier in the injured brain, they can also be retained in other organs, such as the lungs, liver, spleen, and kidneys 14 . Therefore, multiple routes may be more effective than a single route. In addition, the clinical trial registry and results database http://ClinicalTrial.gov lists three completed studies conducted worldwide using WJ-MSCs (e.g., autism, etc.). The i.v. and intrathecal (i.t.) cell applications were well tolerated with no adverse side effect in the 24 weeks post treatment 13 . In our case study, we evaluated the clinical and functional outcome after i.t., intramuscular (i.m.), and i.v. transplantation of WJ-MSCs in a 16-year-old boy diagnosed with postcardiopulmonary resuscitation (post-CPR) HIE.
Case Presentation
The presented pilot study was a prospective, longitudinal medical experiment. The study was performed at the University of Health Sciences, Gaziosmanpaşa Taksim Training and Research Hospital in Istanbul, Turkey. The MSC trial was approved by the Turkish Ministry of Health at 4 months of insult (date: March 2, 2017/ protocol number: 56733164 /203/E.643). The patient's parents were informed about the procedure and a duly filled informed consent was obtained according to the Helsinki Declaration. The general data collected before the experimental therapy consisted of age, gender, the cause of HIE, the length of time since the HIE, previous medical treatment for HIE, and past medical history.
Medical History
No cardiac pathology was diagnosed in the medical history of the 16-year-old boy or his family. The patient was admitted to a private hospital having undergone a post-CPR of approximately 45 min. His cranial magnetic resonance imaging (MRI) including diffusion-weighted imaging (DWI) 4 days post-CPR showed increased signal intensity in the bilateral anterior/posterior watershed zone, basal ganglia, and occipital lobes ( Fig. 1 A, B) . His epicrisis and his family's reports indicated that his eyes started to open at the end of 45 days and he had marked spasticity in the private hospital's intensive care unit (ICU). After the 76th day of hospitalization, the patient was transferred to our hospital, a tertiary referral center, medical ICU, with tracheostomy and percutaneous endoscopic gastrostomy (PEG). On admission, the patient's condition was moderate; regarding his neurological examination, his eyes were open spontaneously, pupils were equal and reactive to light; he had very limited cooperation, barely following one-step commands, and extensive contractures and spastic quadriparesis were present in his extremities. He was tracheotomized and still required intermittent mechanical ventilation. At almost 3 weeks of follow-up in ICU, he was hemodynamically stable without any vasoactive amine requirements, with ongoing i.v. antibiotherapy with normal kidney functions. Following infection control he underwent three unsuccessful weaning trials during his stay in our medical ICU. He was transferred to our Neurosurgery Department (ND) for SCT on the 20th day of hospitalization with home ventilator and feeding enterally via PEG.
Enrollment Criteria
The pilot study included the patient with HIE with cerebral infacts confirmed by imaging studies (MRI, DWI MRI) and with neurological examination and neurophysiological findings. Focal central nervous system lesions (e.g., neoplastic lesions) or chronic diseases (e.g., systemic diseases) that would require long-term pharmacotherapy were exclusion criteria. Prior to the treatment, the patient was examined by the doctors of anesthesia and reanimation, neurology, neurosurgery, and physical therapy and rehabilitation. The WJ-MSC implantation procedure was performed when the patient was stable, without contraindications for sedo-/ general anesthesia from the view point of internal medicine and cardiology, and without any serious infectious diseases, including sepsis, immediately prior to the procedure.
Procedure

Ethics and Consent
WJ-MSCs were obtained from the Good Manufacturing Practice facility of LivMedCell (Istanbul, Turkey). The umbilical cord was obtained from one donor after informed consent as approved by an institutional regulatory board (LivMedCell). The postnatal umbilical cord was obtained from the donor of full-term pregnancy.
Umbilical Cord Processing and Quality Control
The cord was washed with phosphate-buffered saline (Invitrogen/Gibco, Paisley, UK). Tissue was cut into pieces (5-10 mm 3 ) as explants after blood vessels were removed. Tissue explants were placed into the culture dishes and cultured at humanized culture conditions (5% CO 2 and 37 C) until the cells migrate from the pieces. The cells were harvested after reaching 70-80% confluency and characterization tests were performed at passage 3. Quality control and quality assurance for the production of these cells were performed according to the standards of the Turkish Medicines and Medical Devices Agency.
Characterization of WJ-MSCs by Flow Cytometry
Flow cytometry analysis of expressed surface antigens showed that these cells were uniformly positive for CD44, CD73, CD105, and CD90, and negative for the hematopoietic lineage markers CD34, CD45, and HLA-DR (Fig. 2 G) . It has been shown that the telomerase activities of WJ-MSCs stay stable during cell culture procedures, and they exhibited a large, flattened morphology ( Fig. 2 A, D) .
Cell Differentiation and Karyotying
The expressions of some stem cell and differentiation markers such as TERT, POU5F1, SOX2, ZFP42, CD44, VCAM1, THY1, BMP2, RUNX-1, VIM, ICAM1, and NES were determined (data not shown). Differentiation experiments confirmed that these cells have trilineage (osteoblasts, adipocytes, and chondrocytes) differentiation capacity ( 
Pre-Transplantation Process
The final WJ-MSC preparations used in the infusion were harvested from cell culture passage 3 and suspended at final densities of 1Â10 6 /kg in 3 mL (i.t.), 1Â10 6 /kg in 20 mL (i.m.) and 1Â10 6 /kg in 30 mL (i.v.) in normal saline.
Surgical Procedure and WJ-MSC Transplantation Procedure
The procedure was performed in the operating theater by sedoanesthesia according to the protocol of the MSC treatment trial with i.t., i.m., and i.v. implantation of allogeneic WJ-MSCs as the standard by the same doctor (S.K.) ( Table 1) . WJ-MSCs were administered through i.t. injection (Spinocan ® 0.7Â88 mm, (22Gx3½"), Black, B.Braun, Germany) by lumbar puncture on the basis of previous studies 15 . The Clinical Cell Therapy Guidelines for Neurorestoration have recently suggested that the maximum injection volume of cell suspensions does not exceed 10 mL by i.t. injection into cerebrospinal fluid, and 10-100 mL by i.v. routes. In addition, it was stated that minimal suggested cell doses for MSCs derived from umbilical cord are: 0.5-0.8Â10 6 /kg body weight for i.v. infusion, and 5-8Â10 6 for i.t. injection 16 . I.m. injection was applied by ultrasonography (USG) guidance for each muscle and i.v. infusion was applied slowly for 30 min. After the procedure, the patient was transferred for follow-up to ND ICU (1st level). Our patient showed only early complications, such as subfebrile fever, mild headache, or muscle pain due to i.m. injection, which were transient for 24 hours ( Table 2) . The next day, the patient was transferred to the ND service and physical therapy and rehabilitation was started. The exercise program was not performed on the days when the stem cell was applied.
This procedure was repeated before and after each application.
Pretreatment Neurological Examination
Pretreatment assessment included extensive evaluation by a team of medical and rehabilitation experts (Supp. Video 1). Detailed neurological and functional evaluation was documented in each step of the procedure. Spasticity was assessed using the Ashworth scale and quality of life was assessed on the basis of parental evaluation according to the Functional Independence Measure (FIM) scale 17 .
Safety Evaluation Criteria
The safety criteria for the transplantation procedure included the appearance of infection, fever, headache, pain, an increased level of C-reactive protein, increased leukocytosis, allergic reaction or shock, and perioperative complications (anesthesia-and analgesia-related complications, infections of the wound) for 7-14 days after the procedure. The safety criteria for using WJ-MSC included infection, neuropathic pain, cancer development, and deterioration of the neurological state, and were assessed for a 1-year follow-up period.
Follow-up Assessment of Treatment Success
The follow-up evaluation consisted of a neurological examination evaluating motor function according to the Medical Research Council (MRC) Muscle Strength Scale. Spasticity was assessed using the Ashworth scale and quality of life was assessed based on the functional recovery estimated by the FIM scale 17, 18 . In addition, an evaluation of the development of neuropathic pain, secondary infections, urinary tract infections, or pressure ulcers of the skin was performed.
The Patient's Clinical Progress
Starting from the first transplantation, the patient underwent intensive neurorehabilitation that included physiotherapy as a part of the treatment program. The patient was placed on a personalized exercise program that emphasized techniques to facilitate mobility and multiplication of the injected stem cells, thereby giving enhanced results. The personalized program was one session (50 min/day) 5 times a week, including posture, balance, range of motion (ROM), strength & stretch, and especially pulmonary exercise to defeat the ventilator-associated pneumonia's sequela. A week after the SCT, the patient began to show marked improvements. After 1 month, trunk strength and upper limb control improved. The patient was walking with bilateral push knee splints and elbow crutches. He could wear his t-shirt on his own, independently, and eat by himself. Regarding his FIM, his motor score improved from 20 to 35 (maximum score 91) and his cognitive score from 7 to 19 (maximum score 35). His left knee contracture decreased from 15 to 5 degrees. Shoulder abduction ROM improved from 90 to 110 degrees.
At the 2-month follow-up after the first intervention (a.f.i.), the patient kneel-walked for at least 30 min. Trunk balance and control had further improved. Transfers such as bed, sitting, and getting up from the floor were performed in a controlled manner, and were easier. Posture was more erect. Walking stability had improved (Supp. Video 2). Three months a.f.i., in activities of daily living, the patient could eat with better coordination, dress himself with minimal assistance, and achieved independent toileting activities. Hand functions improved, due to which his writing speed increased with a better handwriting. Four months a.f.i, on repeating the FIM, the motor score was increased from 35 to 89, cognitive from 19 to 31 and total sum was 120 of 126. On repeating MRI of the brain 3 and 9 months a.f.i., there was no pathological signal in the brain (Table 3) (Fig.1 E, F) .
All clinical improvements have been almost sustained until the end of 4 months a.f.i. The patient has been followed every 6 months thereafter to further assess his progress. In the first-year clinical evaluation his FIM score was 125 (Table 4 ) (Supp.Video 3).
Discussion
Many different therapies have been attempted in the treatment of HIE, but no specific therapy has demonstrated a clear effect in older children in the way that hypothermia has shown a clear effect in infants. Some of these therapies are being explored in isolation, while others are being combined with moderate hypothermia or other treatments in the hope that synergetic effects will improve outcomes 18 . On the other hand, cell transplantation is being actively explored as a treatment alternative for neurological disorders (NeDs) (e.g., stroke, etc.) as stem cells have shown regenerative and reparative potential. Notably, the presumptive goal in using cell-based therapies in HIBI would be to replace infarcted central nervous system tissue in an appropriate organotypic manner 11, 19, 20 . Stem cells promote angiogenesis, neurogenesis, reduce inflammation, and increase the oxygen supply to the brain. Sources for stem cells include neural stem/progenitor cells derived from fetal tissue, MSCs, ESCs, induced pluripotent stem cells (iPSCs), etc 19 . Accordingly, MSCs have been introduced as a possible therapy due to having the ability to differentiate into many different cell lineages 21 . Among the studies, Min et al. suggested that UCB-MSC treatment ameliorated motor and cognitive dysfunction in children with cerebral palsy (CP) undergoing active rehabilitation, accompanied by structural and metabolic changes in the brain 22 . Furthermore, Miao et al. proposed that 1 year after the i.t. administration of UC-MSCs treatment, functional indices improved in 47 patients (47%): 12 patients with spinal cord injury (SCI), 11 patients with CP, nine patients with post-traumatic brain syndrome, nine patients with post-brain infarction syndrome, three patients with spinocerebellar ataxias, and three patients with motor neuron disease 15 . WJ represents a rich source of stem cells used in several animal models of NeDs 23, 24 . WJ-MSCs became an alternative source to BM and adipose tissuederived MSCs due to their non-invasive collection procedure, being produced to a sufficient number for transplantation, and their stem cell potency. It has been shown that WJ-MSCs have faster proliferation capability and reduced immunogenicity than BM-MSCs 13, 25, 26 . WJ-MSCs express higher levels of HLA-G, which has an immunosupressive effect on natural killer cells and T cells. This expression profile plays an important role in avoiding maternal immunity against the fetus during pregnancy and provides a better graft acceptance 8, 27 . HLA-G secretion makes WJ-MSCs an ideal cell source for third-party/allogeneic applications. According to recent clinical trials, WJ-MSC treatment has promising effects on patients with NeDs such as stroke, SCI and cerebellar ataxia [28] [29] [30] [31] [32] . implantation by artery using a catheter to a near lesion site/direct to the lesion or vein, i.t. implantation by lumbar puncture or cerebellar cistern puncture, intracerebral (i.c.) by stereotactic techniques, and i.m. implantation by USG 28,33-36 . 2. Commonly, a single kind of cell was administered by just one route. Studies have suggested that a combination of therapies (e.g., multiple routes) may enhance results and may be more effective than a single therapy [34] [35] [36] [37] . 3. NeDs such as traumatic brain injuries and strokes can benefit enormously from neurorehabilitation. Thus, we can use a neurorehabilitation and physiotherapy program in the same manner to maximize these patients' functional and cognitive abilities.
Strategies of the Stem Cell Transplantation Protocol
Based on the experimental and clinical studies summarized above, we suggested the strategy of SCT as multiple application and routes in combination with a neurorehabilitation and physiotherapy program. Thus, the key point of SCT should be focused on functional neurorestoration. In a preclinical study, multiple injections of WJ-MSCs including intra-cisterna magna, intraarterial (i.a.), i.v., lumbar i.t., or i.c. suggested therapeutic benefit after stroke with similar application routes as in our case 37 . Our patient with HIE underwent 12 implantations and showed only early complications, such as subfebrile fever, mild headache, or muscle pain due to i.m. injection which were transient, and 1-year clinical follow-up demonstrated no long-term side effects (e.g., neuropathic pain, cancer, etc.). Our results expand on this safety and feasibility report by using WJ-MSC therapy for HIE with both triple routes and multiple implantations. Imaging findings in HIBI are highly variable and depend on a number of factors, including brain maturity, severity and duration of insult, and type and timing of imaging studies. Mild to moderate global ischemic insults to the brain usually result in watershed zone infarcts. During the first 24 hours, DWI may demonstrate increased signal intensity in the cerebellar hemispheres, basal ganglia, or cerebral cortex (in particular, the perirolandic and occipital cortices). The thalami, brainstem, or hippocampi may also be involved 5, 38, 39 . Our patient's cranial MRI-DWI section 4 days post-CPR also showed increased signal intensity especially in the watershed zones, cerebral cortex, and basal ganglia, regardless of the severity of brain insult. In the chronic stage, T2-weighted images may demonstrate some residual hyperintensity in the basal ganglia, and T1-weighted images may show cortical necrosis. Our patient's cranial MRI-DWI section after 6 months from the insult and 3 months a.f.i. showed no pathological signal. Furthermore, follow-up cranial MRI after 12 months from the insult showed no pathological signal. As well as therapeutic interventions enabling the prevention or reduction in HIBI, neurorehabilitation and physiotherapy also have an important therapeutic role for the patient. While performing cell transplantation, a well disciplined neurorehabilitation and physiotherapy program should be applied as soon as possible 33, 40 . The main reasons for our success in helping this patient's progress by WJ-MSCs therapy are likely to be the following.
First, he is of a young age (16 years) to respond to the SCT. Second, the time frame to apply the stem cell may be crucial. We performed the MSCs at 4 months from insult. A third possible reason concerns the dose (twice a month for 2 months), application routes, and the number of stem cells administered, which are parameters that still have no scientific consensus in WJ-MSCs treatment 36 . A fourth reason may relate to the application of the neurorehabilitation and physiotherapy program with stem cell transplantation simultaneously, and the patient's adaptation to the whole process. As previously mentioned, we speculate that these clinical and neuroradiological improvements might be related to the paracrine properties of MSCs 21 . Notably, implantation of human MSCs, even though a limited number of the cells engrafted, can stimulate proliferation, migration, and differentiation of the host endogenous neural stem cells via paracrine beneficial growth factors 36 . On the other hand, regardless of the potentcy of MSCs' paracrine effect, our application doses (1Â10 6 /kg for each application route) are consistent with the current literature as previously mentioned 16, 19, 41 . The main limitations of this study are that is it a case report of only one patient, and the lack of a randomized, double-blinded, placebo-controlled design. Also, we did not track the WJ-MSCs in our patient after transplantation, which however remains technically difficult in clinical trials. Notably, there is currently no consensus regarding the cell culture condition, optimal dose, route, and duration of administration; these are parameters that need to be researched in depth in order to provide better guidance about the next step to follow in WJ-MSCs treatment 16, 36, 42 . In conclusion, we report the safety and feasibility of both triple route and multiple WJ-MSC implantations, and of the introduced treatment strategy. Our preliminary results suggested the possibility of attaining neurological and qualityof-life improvement (motor and cognitive) in a patient with HIE with the use of both triple route and multiple WJ-MSC implantations. To our best knowledge, this study is the first reported controlled case clinical trial of WJ-MSCs therapy 
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